Diamond-like carbon (DLC) is a metastable amorphous film that exhibits unique properties. However, many limitations exist regarding the use of DLC, for example, its tribological characteristics at high temperature, as well as its limited thermal stability. In this study, silicon/oxygen and silicon/nitrogen co-incorporated diamond-like carbon (Si-O-DLC and Si-N-DLC) films are studied, taking into account the thermal stability and tribological performance of these films compared with pure DLC. All the films were prepared on Si wafers, WC-Co materials, and aluminum foils using a plasma-based ion implantation (PBII) technique using acetylene (C 2 H 2 ), tetramethylsilane (TMS, Si(CH 3 ) 4 ), oxygen (O 2 ) and nitrogen (N 2 ) as plasma sources. The structure of the films was characterized using Raman spectroscopy. The thermal stability of the films was measured using thermogravimetric and differential thermal analysis (TG-DTA). The friction coefficient of the films was assessed using ball-on-disk friction testing. The results indicate that Si-N-DLC films present better thermal stability due to the presence of Si-O networks in the films. The Si-N-DLC (23 at.%Si, 8 at.%N) film was affected using thermal annealing in an air atmosphere with increasing temperature until 500˚C. The film can also resist thermal shock by cycling 10 times between the various temperatures and air atmosphere until 500˚C. Further, Si-O-DLC and Si-N-DLC films exhibit excellent tribological performance, especially the Si-N-DLC (23 at.%Si, 8 at.%N) film, which exhibits excellent tribological performance at 500˚C in an air atmosphere. It is concluded that Si-O-DLC and Si-N-DLC films improve upon the thermal stability and tribological performance of DLC.
Introduction
Diamond-like carbon (DLC) is a metastable amorphous film that exhibits unique properties, such as high hardness, a low friction coefficient, chemical inertness, and high wear and corrosion resistance. Therefore, these films are commonly applied in the protective coatings of cutting tools, magnetic storage disks and biomedical applications [1] [2] [3] . The methods used to create DLC films include ion beam assisted deposition (IBAD), magnetron sputtering deposition (MSD), chemical vapor deposition (CVD) and plasma-based ion implantation (PBII) [4] [5] [6] [7] [8] [9] [10] . Among these methods, the PBII process is considered as one of the most promising techniques, owing to its ability to uniformly implant and deposit ions into three-dimensional substrates with complex shapes. However, a number of limitations exist regarding the use of DLC. Depending on the environment, the fabrication of this film for tribological applications remains difficult. DLC films exhibit high residual stress values, which lead to poor adhesion to some substrates and limited thermal stability. Many researchers have reported that the introduction of additional elements, such as silicon, nitrogen and various metals, improves the properties of DLC [2] .
The incorporation of silicon into DLC has overcome some of the stated drawbacks, including significantly reduced residual stress, while retaining the hardness, improving the thermal stability and delivering a low coefficient of friction that is highly insensitive to changes in humidity [11] [12] [13] . When both silicon and oxygen are incorporated into DLC films, significant structural modifications occur. Other authors claim to have obtained a material that consists of an atomic-scale composite of random networks of carbon and silicon in which the carbon network is stabilized by hydrogen, while the silicon network is stabilized by oxygen. This type of structure is referred to as a diamond-like nanocomposite (DLN) [14] [15] [16] . The co-incorporation of silicon/oxygen into DLC films presents interesting mechanical, tribological and optical properties, as well as higher values of thermal stability and fracture toughness [17] . Further, Chen et al. reported that nitrogen-incorporated DLC films were extremely wear resistant with a low coefficient of friction [18] . The reduction in residual stress and the enhancement in thermal stability of nitrogen-incorporated DLC films were previously reported [19, 20] . However, to our knowledge, results of the silicon/nitrogen co-incorporated DLC films fabricated by PBII using acetylene (C 2 H 2 ), tetramethylsilane (TMS, Si(CH 3 ) 4 ) and nitrogen (N 2 ) as plasma sources to improve the thermal stability and tribological performance have not been reported.
In this study, plasma-based ion implantation (PBII) was utilized to prepare Si-O-DLC and Si-N-DLC films with acetylene (C 2 H 2 ), tetramethylsilane (TMS, Si(CH 3 ) 4 ), oxygen (O 2 ) and nitrogen (N 2 ) as the plasma sources. The deposition was performed as a function of the C 2 H 2 :TMS:O 2 and C 2 H 2 :TMS:N 2 ratio at a deposition pressure of 2, 4 and 6 Pa. The aim of this study was to investigate the thermal stability and tribological performance of Si-O-DLC and Si-N-DLC coatings. The film properties were investigated using Raman spectroscopy, thermogravimetric and differential thermal analysis (TG-DTA), and ball-on-disk friction testing.
Experimental Details
A schematic of the PBII system used for the deposition of Si-O-DLC and Si-N-DLC films on silicon wafer was previously shown in the literature [21] . Si (100) wafers measuring 0.7 mm in thickness, tungsten carbide-cobalt (WC-Co) materials, and aluminum foils were used as substrates. The wafers, WC-Co materials, and aluminum foils were sputter cleaned with Ar + for 20 min to remove residual surface contaminants and surface oxides using a negative-pulsed bias voltage of 10 kV. Using a negative-pulsed bias voltage of 20 kV, the DLC film interlayer was first deposited with CH 4 for 60 min to improve the adhesion between the film and the substrate. The deposition of the Si-O-DLC and Si-N-DLC films was performed at a negative-pulsed bias voltage of 5 kV, under gaseous mixtures of C 2 H 2 :TMS:O 2 and C 2 H 2 :TMS:N 2 with three different flow rate ratios at 14:1:2, 46:1:2 and 89:1:2 for 180 min. A pulse width of 5 μs, a pulse delay of 25 μs, and a pulse frequency of 1 kHz were utilized during the coating process. The deposition pressure was set to 2, 4 and 6 Pa, respectively. The pure DLC film was also deposited onto a Si substrate and aluminum foils using C 2 H 2 gas by the same deposition process at a deposition pressure of 2 Pa.
The thermal stability and tribological performance of the Si-O-DLC and Si-N-DLC films were studied using several characterization techniques. The structure of the films was analyzed using Raman spectroscopy (JASCO NRS-1000 DT) at an excitation wavelength of 532 nm and a spot size of 4 μm. The Raman spectra in the wave number region were deconvoluted from 1000 -1800 cm −1 into the Gaussian D and G peaks. The integral area under the D and G peaks was determined by curve fitting. The thermal stability of the films was performed using coincident thermogravimetric and differential thermal analysis (Rigaku, TG8120). The heating rate was set at a constant value of 20 K/min, and the samples were heated from room temperature to 800˚C. The measurements were performed under ambient air at room temperature. The tribological performance of the films was assessed using ball-on-disk friction testing (CSEM; Tribotester). In the friction test, a dry sliding test was performed using a ball indenter, AISI440C (SUS440C, diameter of 6.0 mm) under a normal applied load of 3 N, a rotation radius of 3 mm, a linear speed of 31.4 mm/s, and 10,000 frictional rotations. The tests were performed under ambient air at room temperature. The Si-N-DLC (23 at.%Si, 8 at.%N) films deposited on the WC-Co materials were also used to investigate various annealing temperatures and the thermal shock resistance, and friction coefficient at high temperature. The films were annealed (held at the following temperatures) at 300˚C, 400˚C and 500˚C in an air atmosphere for 1 hour. The resistance to thermal shock was determined by following the standard procedure (ISO 10545-9), that is, by cycling 10 times between the various temperatures (300˚C, 400˚C and 500˚C) in an air atmosphere. Friction tests were also performed at 500˚C using the same conditions as mentioned above.
Results and Discussion

Film Structure Based on Raman Spectroscopy
The Raman spectra of the Si-O-DLC and Si-N-DLC films before annealing are shown in Figure 1 . The position of the G peak is related to the bond-angle disorder or the sp 3 bonding content, while the I D /I G ratio is proportional to the ratio of sp 2 /sp 3 [22, 23] . These two factors play a major role in assessing the Raman spectra. In particular, the ratio of sp 2 /sp 3 is one of the most important factors governing the quality of the DLC films. Generally, the likelihood that the properties of the DLC films resemble those of diamond increases when this ratio is low. The Si-O-DLC and Si-N-DLC films fabricated in this experiment exhibit a broad spectrum composed of a D peak (1350 cm ), which are similar to the peaks observed in conventional DLC films. As shown in Figure 1 , the pure DLC film shows a typical Table 1 . The microstructure is altered due to the incorporation of silicon, oxygen and nitrogen, as determined based on the shift of the G peak position to a lower level and the associated decrease in the I D /I G ratio. These results indicate an increase in the number of sp 3 -bonded atomic sites in amorphous carbon [24, 25] .
Both the I D /I G ratio of the Si-N-DLC (23 at.%Si, 8 at.%N) film before and after annealing in an air atmosphere and the I D /I G ratio before and after thermal shock resistance are shown in Figure 2 . As shown in Figure 2 , the I D /I G ratio of the films after annealing and thermal shock resistance increases with an increase in temperature. Such an increase of the I D /I G ratio for the films indicates the increase of sp 2 -bonded clusters in the film, indicating the increase of graphite microcrystallites within the film volume [26] . That is, the increase in sp 2 bonds and the formation of sp 2 clusters lead to the loss of film hardness and wear resistance. Further, the diamondlike characteristics disappeared in the films annealed and shocked at 600˚C, and the films were completely destroyed at 800˚C. Based on the aforementioned results, the Si-N-DLC (23 at.%Si, 8 at.%N) film was affected by thermal annealing in an air atmosphere with an increase in temperature until 500˚C. Additionally, the film can be become resistant to thermal shock by cycling 10 times between the various temperatures and in an air atmosphere until the temperature of 500˚C is achieved. 
Thermal Stability of the Films
The thermal stability of the films was measured by thermogravimetric and differential thermal analysis (TG-DTA) under ambient air at room temperature. The changes in weight loss of the Si-O-DLC and Si-N-DLC films were compared with pure DLC film in Figure 3 . All the films showed a clear melting point and modest volatility before melting. Yang et al. reported that pure DLC films were completely destroyed over 500˚C, indicating the disappearance of the pure DLC films. However, the Si-O-DLC films were still present until heating to 600˚C, but the diamond-like characteristics disappeared in the films upon heating to 600˚C [27] . However, the effect of the Si-O network on the thermal stability was no longer observed at higher temperatures.
In this study, all the films were heated to 800˚C. The weight loss of the pure DLC film significantly decreased at temperatures greater than 300˚C, and the film disappeared when heated to 600˚C. Further, the Si-O-DLC film became slightly volatile, and the weight loss significantly decreased at temperatures greater than 450˚C with an increase in the silicon and oxygen contents. Then, the films disappeared when heated over 650˚C. This indicates that the Si-O-DLC films are not thermally stable when heated over 650˚C. In the case of the Si-N-DLC films, the weight loss gradually volatilized and increased up to 100%. The films continued to decrease significantly over 500˚C -550˚C, except the Si-N-DLC (23 at.%Si, 8 at.%N) film. The weight loss of this film was comparatively volatilized and increased up to 100%, and the film continued to decrease over 670˚C. All of the Si-N-DLC films were still present until heating at 800˚C. It is believed that the increased weight loss of the Si-N-DLC films with an increase in temperature may have occurred due to the adsorption of oxygen from the air into the film surface during heating [27] ; this assumption was confirmed by the percentage of the relative atomic contents before and after the thermogravimetric experiments, as shown in Figure 4 . Additionally, the transfer of sp 3 -bonded carbon to sp 2 -bonded carbon or the growth of sp 2 -bonded clusters can happen during the heating of Si-N-DLC films in the thermogravimetric experiments. However, the growth of sp 2 -bonded carbon was suppressed by the Si-O network, which prevented the structural transition of the films during heating, as confirmed by the percentage of the relative atomic contents of the Si-N-DLC (23 at.%Si, 8 at.%N) film after performing the thermogravimetric experiments at different temperatures, as shown in Figure 5 . Figure 5 indicates the increasing contents of silicon and oxygen with an increase in temperature. Therefore, the presence of the Si-O network in the Si-N-DLC films is expected to effectively improve their thermal stability. These results indicate that the silicon/nitrogen co-incorporated films can improve the thermal stability of DLC films. films were measured under ambient air and are shown in Figure 6 . The influence of the silicon, oxygen and nitrogen contents on the friction coefficients of the Si-O-DLC and Si-N-DLC films was examined. The pure DLC film had an unstable friction coefficient and failed during the test, while the Si-O-DLC and Si-N-DLC films had stable, lower values of friction coefficients and longer friction endurance due to the incorporation of silicon, oxygen and
Friction Coefficients of the Films
The friction coefficients of the Si-O-DLC and Si-N-DLC nitrogen. Both the Si-O-DLC (34 at.%Si, 9 at.%O) and Si-N-DLC (23 at.%Si, 8 at.%N) films are comparatively stable with a friction coefficient of approximately 0.04 -0.05, which demonstrates the significant improvement in the tribological performance. In the case of the Si-O-DLC (34 at.%Si, 9 at.%O) film, the result indicates a low friction coefficient, which is related to the formation of silicon-rich oxide debris and the transfer of silicon oxide layers on the steel ball surfaces [28] . This silicon oxide layer prevents direct contact between the film and ball when sliding, resulting in the low friction forces. Additionally, in the case of the Si-N-DLC (23 at.%Si, 8 at.%N) film, the result indicates a low friction coefficient due to the incorporation of silicon and nitrogen [29] . However, the nitrogen content may be less influential than the silicon content, due to the minimal difference in the nitrogen content of the Si-N-DLC films. Further, the other Si-O-DLC and Si-N-DLC films have higher friction coefficients than the films described above, although the coefficients are still lower than that of pure DLC. These results indicate that the silicon/oxygen and silicon/nitrogen co-incorporated films can improve the tribological performance of DLC films.
In the case of the high temperature condition, the friction coefficient of the Si-N-DLC (23 at.%Si, 8 at.%N) film is compared with that of the non-coated Si-N-DLC film in Figure 7 , measured at 500˚C. As shown in Figure 7 , the Si-N-DLC film is comparatively stable with a friction coefficient of approximately 0.02, which demonstrates the significant improvement in the tribological performance achieved at high temperature. However, the non-coated Si-N-DLC film is not stable and has a friction coefficient of approximately 0.9 (measured until approximately 2000 cycles). This result indicates the significant difference in the friction coefficients between the coated and non-coated films. This phenomenon may be the result of the presence of a Si-O network in the film, which is expected to be an effective approach to enhancing the thermal stability of the films. Consequently, it is assumed that the co-incorporation of silicon/nitrogen into the DLC film yields good tribological performance for protective coating applications in a high-temperature environment in an air atmosphere in comparison with non-coated films.
Conclusion
Si-O-DLC and Si-N-DLC films were successfully prepared on Si (100) wafers, WC-Co materials, and aluminum foils using the PBII technique. The films were investigated for the effects of silicon, oxygen and nitrogen contents on the thermal stability and tribological performance using Raman spectroscopy, thermogravimetric and differential thermal analysis (TG-DTA), and ball-ondisk friction testing. The Si-O-DLC and Si-N-DLC films possess a diamond-like structure due to the decreasing value of I D /I G with an increase in the silicon content. Additionally, the Si-N-DLC (23 at.%Si, 8 at.%N) film was affected by thermal annealing in an air atmosphere, and the film can resist the thermal shock after cycling 10 times between the various annealing temperatures and air atmosphere until reaching 500˚C. Further, the Si-N-DLC films possess higher thermal stability than the pure DLC and Si-O-DLC films due to the presence of Si-O networks in the films. The Si-O-DLC and Si-N-DLC films also exhibit lower friction coefficients than pure DLC film. Comparing the Si-O-DLC and Si-N-DLC films, the friction coefficient insignificantly varies. Further, the Si-N-DLC (23 at.%Si, 8 at.%N) film shows good tribological performance at 500˚C when compared with the non-coated substrate. Due to the aforementioned reasons, the Si-N-DLC films present with high thermal stability and excellent tribological performance. Thus, Si-N-DLC films can play an important role in high-temperature applications.
Acknowledgements
